
BIOCHEMICAL PATHWAYS IN LEGUME ROOT NODULE NITROGEN
FIXATION

F. J. BERGERSEN

Division of Plant Industry, C.S.I.R.O., Canberra, A.C.T., Australia

CONTENTS
I. Introduction.............................................................................. 246

II. The Hypothesis........................................................................... 246
III. Evidence for the Hypothesis .................................... 246

A. Membrane Envelope is Site of Primary Reactions of Nitrogen .......................... 246
B. Hemoglobin Functions in Electron Transport........................................... 247
C. Other Links in Electron Transport Chain............................................... 247
D. Oxygen Tension in Nodules..............................................................248
E. Amino Acids Are Produced by Bacteroids.............................................. 248

IV. Summary .............................................................................. 249
V. References.............................................................................. 249

I. INTRODUCTION
Recent investigations into various aspects of

the biology and chemistry of legume root nodules
have provided a number of facts which may be
logically arranged to support an hypothesis
relating the roles of the known components of
this symbiotic system. Hitherto, reviews of
legume root nodule nitrogen fixation have
endeavored to present a complete coverage of
literature pertaining to the subject. In this paper
reference will be made only to literature that
seems to the author to be relevant to the hy-
pothesis which is being presented. The result is
therefore not a review but a statement of the
hypothesis, followed by a discussion in which
the theme of the statement is developed.

Bergersen and Briggs (8) demonstrated that the
nitrogen-fixing tissue of soybean nodules con-
sisted of plant cells within which the bacteroids
were arranged in groups, each group being
enclosed in a membrane envelope. It is postulated
that these envelopes and their contents are the
ultimate nitrogen-fixing units. Figure 1 illustrates
the proposed sequences of the known reactions
of nodule nitrogen fixation and introduces some
speculation about the unknown steps.

II. THE HYPOTHESIS

The primary reactions of the activation of
molecular nitrogen and its reduction to ammonia
occur in the membrane envelope; the activated'

1 The term "activated" is used to denote the
forms in which nitrogen exists between N2 and the
first really identified product, NH3.

nitrogen is the ultimate acceptor in an electron
transport chain which begins in the bacteroids.
One of the links in this chain is hemoglobin,
which lies in solution within the membrane
envelope. The host supplies, as products of
photosynthesis, carbon compounds which are
partially oxidized by the bacteroids and serve as
the source of electrons for the reduction of the
activated nitrogen. The products of the incom-
plete oxidation of the substrates then serve as
acceptors of ammonia in the production of amino
acids by the bacteroids. These amino acids diffuse
away and become available to the host plant.

III. EVIDENCE FOR THE HYPOTHESIS

A. Membrane Envelope is Site of Primary
Reactions of Nitrogen

Fractionation of excised soybean root nodules
which had been exposed to atmospheres con-
taining a large excess of isotopic nitrogen (N,")
showed that the isotopic excess in the acid-
soluble portion of the membrane fraction reached
a maximum in less than 15 min (7). The excess
N'5 in the acid-soluble portion of the soluble
fraction rose for about 2 hr, and was less than
that of the membrane fraction at 15 min. The
bacteroids were not labeled at all after 2 hr.
These findings give strong support to the view
that the membrane envelopes are the site of the
primary reactions of nodule nitrogen fixation
and that these reactions are followed by the
transfer of the newly fixed nitrogen to the soluble
fraction. Further support is given to this inter-
pretation by experiments in which it was shown
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that nodules ceasing to function because of age
had the same initial isotopic excess in the mem-
brane fractions as young active nodules but that
the transfer of nitrogen to the soluble fraction
was impaired.

B. Hemoglobin Functions in Electron Transport

It has been established that the hemoglobin
content of nodules and their capacity for nitrogen
fixation are closely related (25). It has also been
shown by Smith (23) that this pigment is in
solution and is confined to the bacteroid-con-
taining cells of the nodules. In this laboratory
(author's unpublished observations), histo-
chemical methods for the demonstration of
hemoglobin have been found to delineate the
membrane envelopes, and electron micrographs of
thin sections of soybean nodules show diffuse
electron-scattering material within these (8).
From these observations it seems very likely
that the pigment in vivo is located in solution
between the bacteroids and the membrane
envelopes.

Keilin and Smith (18) showed that it was
unlikely that hemoglobin functioned as an
oxidation-reduction catalyst in a mechanism of
fixation involving hydroxylamine, as had been
suggested by Virtanen and Laine (24). Smith
(23) then showed that this pigment was not
involved in the transport of oxygen for nodule
respiration, since concentrations of carbon
monoxide which completely inhibited nitrogen
fixation and which were sufficient to convert all
the pigment to CO-hemoglobin did not affect
the respiration of whole nodules.

Hamilton, Shug, and Wilson (17) found that
sonic extracts of soybean nodules showed shifts
of absorption spectra corresponding to oxidation
of the hemoglobin from the Fe++ to the Fe+++
state when the gas phase was changed from
helium to nitrogen. This finding was confirmed by
Bergersen and Wilson (9), who also showed that
this effect was not due to undetected traces of
oxygen in the gas mixtures. In addition it was
shown that bacteroids could reduce the oxidized
form of hemoglobin in the absence of air, as had
been previously observed by Appleby and
Bergersen (2) when studying nodule homogenates
with the hand spectroscope. The suggestion has
therefore been made (9) that hemoglobin may
function in legume root nodules in a cycle in
which it is reduced by the bacteroids and oxidized
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Figure 1. A diagramatic representation of the
hypothesis. X represents unknown links between
bacteroid cytochromes and hemoglobin that allow
reduction of the pigment in the absence of air. Y
represents the unknown links between hemoglobin
and the site of conversion of molecular nitrogen to
ammonia.

as a result of the processes of nitrogen fixation.
That is, the sonic treatment of Hamilton et al.
(17) produced fragments of the nitrogen-fixing
system capable of a low order of activity, which
was expressed as oxidation of the hemoglobin
when the reducing source, the bacteroids, had
been removed by centrifugation. Keilin and
Smith (18) failed to see any spectroscopic evi-
dence of the oxidized form of hemoglobin in
whole nodules or in slices but this fact does not
preclude its existence, masked by a great excess
of the reduced form.

C. Other Links in Electron Transport Chain
The nature of the links between the bacteroid

respiratory pathways and hemoglobin and
between hemoglobin and the activated nitrogen
at the fixing site are not known, but it is pertinent
to mention the carbon monoxide-binding pigment
found in bacteroids by Appleby (15). This pig-
ment may possibly function as a link between the
cytochromes and hemoglobin. An alternative
possibility is that there is direct electron transfer
between a cytochrome and hemoglobin in solu-
tion, since most of the bacteroid cytochromes are
associated with the bacteroid cell membrane (15).
The results of Schneider, Hoch, and Burris
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(21) show that there are apparently two phases
of nodule metabolism concerned with hydrogen.
First, hydrogen evrolution o(curs only in the
absence of nitrogen; that is, it appears to be a
release of metabolic hydrogen in the absence of
the acceptor. Second, the exchange reaction
between hydrogen and molecular deuteriunm
requires the presence of nitrogeni and is more
sensitive to carbon mionoxide than is hydrogen
evXolution. It may be that hydrogen evolution
occurs at some step in the electron transport
chain prior to hemoglobin, whereas the exchange
reaction takes place at some stage of the re-
(luction of nitrogen. Wlinfiel(l (29) has suggested
that hydrogenase may Inot have the same form
in all organisms and may sometimes be an in-
tegral part of an enzyme known by another name;
its principal role may be that of hy-drogen trans-
ference and not the uptake or evolution of
hydrogen. Hydrogen transfer may be the natural
function of hydlrogenases in nodules.

D. Oxygen Tenision in NA-odildes
The hypothesis that heimioglobini has a role in

electron transport requires that oxygen tension
in the nitrogen-fixing units be very low indeed,
since bacteroids isolated from crushed nodules
have maximum Qo2 at 0.02 atm of oxygen (11).
Oxygen, if presenit at even quite low partial
plmessures, would certainly compete with hemo-
globin for the terminial respiratory pathway of
the bacteroids. However, the higlh respiratory
rates of bacteroids in air andl the fact that they
are enclosed in the envelopes must mean that the
oxygen tension in their iimmediate vicinity is
only a fraction of that in the host cell, which
xi-ould in turn be only a fraction of that in the
root medium. Allison et al. (1) concluded that
conditions within nodules were largely anaerobic
when they found that respiration of intact nodules
increased by more than 100 per cent when air
was replaced by pure oxygen, whereas root
respiration was unaffected. Ferguson and Bond
(16), how-ever, showed that nodulated plants
riequired higher oxygen tensions in the root-
growth medium thami plants grown on combined
nitrogen. A similar effect was found by Burris,
M\agee, and Bach (13); nitrogen fixation by
excised soybean nodules increased as oxygen
tension increased up to 0.5 atm, above which it
declined sharply. Parker and Scutt (19) have
shown that oxygen is a competitive inhibitor of

nitrogen fixation in .4zotobacter. A similar situ-
ation probably exists in nodules when oxygen
tension begins to rise in the envelopes and oxygen
begins to compete with hemoglobin for the
terminal respiration of the bacteroids. The
stimulation of fixation by oxygen tensions above
that of air but below 0.5 atm, may be ani expres-
sion of soime auxiliary process.

E. A iniio I cids Are Produced by Bacteroidls
Photosynthetic products have been showii to

be necessary for nitrogen fixation in nodules (26).
Cl02 supplied to leaves of illuminated soybeans
was rapidly translocated to the nodules, where
the C14 appeared in amino acids. The evidence
indicates that specific photosynthetic products,
possibly of (arbohydrate nature, are necessary
substrates for nitrogen fixation in legume root
nodules (4).

BRacteroi(ls isolate(l from soybean root nodules
oxidize supl)lie(l substirates only partially (6).
Tlis result imay be eitlher aIn expression of
oxidation aind assimilation, as shown for glucose
by BluIris land W\ilson (12), or a block in me-
tabolism at some subsequent step in substrate
oxidation. Oxidation of substrates maintains the
reduced state of the electron transport chain
andI the products of the incomplete oxidation
may be used in the formation of amino acids.
A-mmonia is aceepted as being at the endcl of

the nitrogen fixation pathway-s and the beginning
of the assimilatory pathways (10, 20). Ellfolk and
Katanuma (14) show-ed that soybean bacteiroP Is
had a hiiglh content of an ammonia-activating
enzyime w-hichl funictioned in amnination reaetiois.
This observation is in accord with the finding
(Blergersen, unpublished data) that when soybean
bacteroids were shaken with succinate, which
they oxidize only to the extent of about 30 per
cent (6), and 0.01 M ammonium sulfate, amino
acids appeare(I quite rapidly in the medium.
Thus the prodlucts of photosynthesis supplied

to the bacteroids as substrates may be envisagedl
as providing both the reducing source for the
ultimate production of ammonia from molecular
nitrogen and also the ammonia acceptors which
the bacteroids use in the formation of the amino
acids. These become available for host plant
nutrition (3, 5, 22, 27, 28).
The hypothesis which has been presented is

regarded by the author as a framework uponi
which future work may be based and it is fully
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recognized that many gaps in knowledge must be
filled before the validity of the suggested path-
ways can be tested.

IV. SUMMARY

A working hypothesis of the function of various
known components of legume root nodules in
processes connected with nitrogen fixation is
presented. The over-all reactions are seen as
intimately connected functions of components
of both plant and nodule bacteria, which are
linked by an electron transport chain involving
hemoglobin.
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